Introduction
Intrusive hydrothermal breccias have long attracted interest (e.g., Bastin and Hill, 1917; Farmin, 1934; Bryner, 1961; Mayo, 1976) due, in part, to their widespread occurrence in association with many types of ore deposits. In porphyry copper centers such breccias may host a substantial proportion of the mineralization but, even where barren, they provide critical information on the physical evolution of the (magmatic) hydrothermal environment. Most salient aspects of ore-related breccias are addressed by Sawkins and Sillitoe (1985) . Burnham (1985) emphasized the enormous release of energy concomitant with the near-surface intrusion of water-bearing magmas and its role in breccia development, and since the proposals of Reynolds (1954) , most workers have accepted an involvement of fiuidization processes in the emplacement of the fragmental materials.
Among the more intriguing features of hydrothermal breccias is the occurrence of rounded clasts, particularly in the so-called pebble breccias. These have generally been attributed to shearing, rotation, and attrition of originally angular rock fragments during transport in a particle-charged gaseous stream (see Boothroyd, 1971 ). Thus, in the Patch breccia pipe, Central City, Colorado, Bastin and Hill (1917) Alternative mechanisms proposed for clast rounding include solution, perhaps in an originally overlying crater lake (e.g., Yeatman, 1911) , or subsurface chemibal corrosion (Butler, 1913) ; neither model has received wide support. In contrast, Farmin's (1937) concept of "hypogene exfoliation" resulting from abrupt decompression has been advocated by several workers. Sillitoe (1985) , in particular, argues that exfoliation would be a predictable outcome of breccia formation, and that its occurrence is evident in the fabrics of numerous breccia systems.
Despite the abundant evidence supporting these mechanisms, the writer considers that processes other than either interfragment attrition or exfoliation may have been responsible for the development of rounded clast forms in some hydrothermal breccia systems. The fabrics of some tectonites in the Toquepala porphyry copper (-molybdenum) deposit of southeastern Peru are interpreted as evidence for the formation of rounded clasts during initial rock fragmentation, possibly under conditions equivalent to, or approaching, those of shock metamorphism, as originally proposed for hydrothermal breccia development by Godwin (1973 
Hydrothermal Breccias at Toquepala, Peru
The presence of enormous volumes of hydrothermal breccia of diverse types in the Toquepala deposit (lat 17 ø 14' S; long 70ø36'30" W) has been recognized since the early geologic work of Richard et al. (1951) and Richard and Courtright (1958) . Those authors distinguished a polyphase ore breccia (the "angular breccia" of recent Southern Peru Copper Corporation mapping; Fig. 1 ) characterized by a tourmalinequartz-rock flour cement, which was considered to contain inherent chalcopyrite mineralization (but see Zweng and Clark, 1984 , and in prep.). Rock fragments in the ore breccia, which would be classified by Sillitoe (1985) as a "magmatic-hydrothermal" system, are overwhelmingly of local derivation and are predominantly angular, but small volumes of tourmalinecemented breccia, as on the 3,160-m level north (1975) 1 and the 3,160-m level northeast (1982), contain a proportion of rounded to surrounded clasts (Fig.  2a) . Some such breccias display a heterolithic clast population (Fig. 2b) , a relationship in permissive agreement with models involving clast abrasion during transport. However, some of the rare rounded clasts in the characteristic tourmaline-cemented angular breccia show (Fig. 2a and c) • Dates ooe observations are given in parentheses.
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• (Figs. 1 and 3 ). In the same area, molybdenite and chalcopyrite occur abundantly in a stockwork in which the majority of the fractures are markedly curved. Richard and Courtright (1958) further documented the occurrence of an exceptional development of predominantly rock flour-cemented breccias at Toquepala; these they grouped under the single heading of "pebble breccias" although not all facies exhibit rounded clasts. A wide (avg dia, 300 m) breccia pipe (Fig. 1) , dominated by angular to subangular clasts, is surrounded by both radial and crudely concentric inward-dipping dikes of characteristic pebble breccia (Figs. 1 and 4 
Slump Breccias
In addition to the above hydrothermal breccia classes, a further type was identified in the initial surface geologic mapping at Toquepala (Richard et al., 1951) . Two outcrops of"slump breccia," lying to the west and north-northeast, of the surface outcrop of the main mineralized zone, respectively, were delimited ( Fig. 1) . The rocks affected by the fragmentation under discussion inelude granodiorite-monzodiorite (Zweng, 1984) , dacite porphyry, and locally, earlier formed tourmaline-cemented ore breccia. The slump breccias are closely associated with a crudely radial dike of typical pebble breccia.
It should be emphasized that the fracture systems described herein are not blasting artifacts.
Breccia fabrics
Field relationships indicate that the slump breccia system represents a transition from a stockwork to a clast-supported, matrix-poor, true breccia. The stockwork (Fig. 6a) constitutes a distinctive tectonite, differing markedly from the normal stockworks of this (Fig. 6b) and other porphyry deposits. The intensely, even chaotically, broken appearance of the rocks refleets the close spacing of megascopic fractures (of. Neither interclast attrition nor hypogene exfoliaton can explain the development of the curved surfaces shown by many blocks in the stockwork facies of the Toquepala tectonites. An alternative mechanism is therefore sought. Enormous and rapid energy release is triggered in environments in which water-bearing magmas are emplaced subvolcanically (Burnham, 1985) ; the major source of energy is decompression of the aqueous phase, following second boiling. Such processes are presumed to have been responsible for the development of the main planar stockwork and the tourmaline-cemented ore breccia at Toquepala (see also Sillitoe, 1985) . It is probable that broadly comparable energy release accompanied the latestage injection of latitic magma into the core of the porphyry system, which may have already experienced extensive incursion of ground waters. Pebble breccia dikes exposed on the 3,160-m level southwest (1983) of the mine indeed exhibit a transition from an igneous quartz latite cement to one of rock flour, a relationship interpreted as recording the turbulent interaction of magma and water. The crudely concentric and radial arrays (Fig. 1) of pebble breccia dikes in the western part of the open pit, the great size of the main phreatic breccia pipe, and the occurrence of smoothly curving cone sheets of quartz latite in the eastern pit quadrant ( not shown in Fig.  1 ) are considered to have resulted from the intrusion of a substantial volume of high-temperature waterundersaturated magma along the axis of the preexisting orebody, causing an explosive event of unusual magnitude when it encountered fractured rocks containing large volumes of meteoric water.
As noted above, Godwin (1973) first suggested that energy release and strain rates within endogenous hydrothermal breccia systems could be great enough to generate true shock metamorphic fabrics, comparable to those in at least small meteorite impact sites.
Indeed, planar quartz deformation lamellae have been documented in the East Tintic, Utah, pebble breccias by Godwin (1973) and Yamamura (1985) , as well as in the Slate Island, Ontario, diatreme (Sage, 1978 of microbrecciation, similar to those generated in astroblemes, underground nuclear explosions, and laboratory shock experiements (e.g., St6ffier, 1974), in rocks adjacent to phreatic breccia dikes in the epithermal Cacachara silver deposit, southeastern Peru.
Microscopic intra-and intergranular textures ascribable to shock metamorphism have not been observed at Toquepala, perhaps because of the large size and heat capacity of the hydrothermal zone and the duration of hydrothermal activity. Certainly, it would be premature to interpret the Toquepala tectonites as the products of stress magnitudes and strain rates equivalent to those in true shock metamorphic environments. However, it is suggested that the development of curviplanar fractures during rock fragmentation, as shown by the slump breccias, may itself be a direct result of the propagation of a shock wave, or series of waves, probably controlled by fracture systems initiated during intrusion of the latitic magma. A similar origin has been proposed for the shatter cones associated with many astroblemes (Dietz, 1968) , but the rounded domains in the Toquepala stockwork and breccias have a different form, lacking the simple conical configuration and (horsetailing) striated surfaces of shatter cones. Instead, analogies are drawn with the Hertzian quasioval fracture systems which, in the geologic context, have been most extensively evaluated by Bahat (1978 Bahat ( , 1979 Bahat ( , 1980 Bahat (1977a Bahat ( , 1979 has argued that a similar stress field may be caused by a plastic indenter, such as a liquid or gas. Lawn and Marshall (1977) demonstrate that, under deep and modified Hertzian fracturing, the transition from compression at the (horizontal) indented surface, through horizontal tension and, finally, to horizontal compression with increasing depth within the brittle material, may lead to the development of a closed paraboloidal or threedimensional quasioval fracture. As Bahat (1977b) has emphasized, such deep fractures are shown by innumerable prehistoric knapped flint and chert tools.
Many of the prolate spheroidal blocks in the To~ quepala slump breccia system, as well as the clasts in the contiguous pebble breccias, have long sides wholly or partly of paraboloidal contour and are similar to the deep Hertzian fractures figured by Bahat (1977b Bahat ( , 1980 . It is therefore suggested that these rounded domains resulted from local focusing of unusually intense stress transmitted by shock waves associated with the explosive expansion of the phreatic system. A very heterogeneous stress distribution on the outcrop scale would be predicted, but the crude parallelism of the long axes of the rounded domains in the slump breccia stockwork would be in permissive agreement with a broad upward and radial compression. On a broader scale, the unusual characteristics of the associated stockwork (Fig. 6) are tentatively considered to reflect local stress concentrations exceeding those responsible for the main planar stockwork of the deposit. Although the possibility of continued clast rounding through attrition or abrupt decompression in the main pebble breccia channels cannot be ruled out, it is possible that most such fragments obtained their forms prior to or immediately following their entrainment in breccia sheets. This is supporte d by Freem ark's (1977) observation that the extent of fragment rounding decreased upward (between the 3,160-and 3,220-m levels) in a pebble dike exposed in the western quadrant of the pit. Ellipsoidal clasts predominate at the lower level, but many such bodies are truncated or transected by planar fractures at shallower depths.
The hypothesis tentatively advanced here may probably be assessed through more detailed studies of the forms and surface characteristics of rounded bodies in hydrothermal breccias and stockworks, through a careful search for microscopic features indicative of extreme compressive stress and strain rate, and through determination of the incidence of these unusual tectonites.
